INTRODUCTION {#SEC1}
============

Environmental stressors and endogenous metabolites pose a constant threat to DNA integrity; as such, all organisms have evolved efficient systems to repair damaged DNA and maintain genome stability ([@B1],[@B2]). Several distinct pathways to repair DNA double-strand breaks (DSBs) have been proposed. Among them, non-homologous DNA end joining (NHEJ) and homologous recombination (HR) have been widely studied and fairly well characterized ([@B3]). Determining how histone modifiers participate in these two processes is of crucial importance to improve our understanding of DSB repair and guide the development of novel cancer treatments ([@B4],[@B5]).

p53-binding protein (53BP1) binds damaged chromatin and recruits other responsive proteins to DSBs---a critical mechanism for proper NHEJ repair and appropriate repair pathway selection ([@B6]). 53BP1 accumulation at DSBs is affected by early responsive DNA repair factors, such as ataxia-telangiectasia mutated (ATM) and MDC1 ([@B7]), and its binding to chromatin is considered to be mainly regulated by several histone modifications. For example, dimethylation of H4K20 (H4K20me2), a residue known for 53BP1 tandem Tudor domain binding, is fundamental for 53BP1 ionizing radiation-induced foci formation at DSBs ([@B14]). In addition, 53BP1 binding to damaged chromatin is strengthened by H2AK15 ubiquitination, which is catalyzed by the E3 ligases RNF8 and RNF168 and recognized by the ubiquitination-dependent 53BP1 recruitment motif ([@B15]). Moreover, 53BP1 may also be recruited by γH2AX and deacetylated H3K18 ([@B21]).

Under normal conditions, the H4K20me2 mark is masked by various bound proteins, including L3MBTL1 ([@B24]) and KDM4A/JMJD2A ([@B25]). RNF8/RNF168-dependent dissociation and/or degradation of these proteins in response to DNA damage exposes the H4K20me2 mark to permit 53BP1 binding ([@B25],[@B26]). The Tudor interacting repair regulator (TIRR) directly binds the 53BP1 tandem Tudor domain and also masks the H4K20me2 binding motif of 53BP1 under normal situations. Upon DNA damage, ATM and RAP1-interacting factor 1 (RIF1) promote 53BP1--TIRR complex dissociation and subsequent 53BP1 recruitment to DSBs ([@B27],[@B28]). In addition, 53BP1 sequestration by NuMA in the absence of DNA damage has also been reported ([@B29]).

The regulation of 53BP1 binding to damaged chromatin is a more complicated process, owing to other indirect but also important regulatory mechanisms that influence the 53BP1--H4K20me2 interaction. One such example is H4K16ac: H4K16ac is catalyzed by the TIP60 acetyltransferase complex, which diminishes 53BP1 binding to H4K20me2, at least in part, by disrupting a salt bridge between H4K16 and the 53BP1 Tudor domain ([@B30]). Consistently, H4K16 deacetylation robustly augments 53BP1 binding to H4K0me2 and ionizing radiation-induced foci formation ([@B31]). In addition, the TIP60 complex component MBTD1 competes with 53BP1 to bind methylated H4K20, and the TIP60 complex can acetylate H2AK15 in response to DNA damage ([@B32]). Interestingly, RNF168-dependent H2AK15 ubiquitylation directly suppresses the ability of TIP60 to acetylate the H4 tail ([@B32]). This ubiquitylation/acetylation switch on H2AK15 is a powerful mechanism to regulate 53BP1 binding and TIP60-dependent histone H4 acetylation in the DNA damage response (DDR). Previously, it was reported that H4K16ac levels change in response to DNA damage: H4K16ac undergoes rapid deacetylation and a lagged increase in acetylation at DNA lesions post-irradiation ([@B30]). Other modifications to H4K16 might also occur during DNA damage repair that could potentially affect 53BP1 binding to damaged chromatin.

Enzymes involved in histone methylation participate in DNA damage repair by affecting the methylation status of specific histone lysine residues. For example, after irradiation, ATM-dependent dissociation of the histone demethylase KDM2A from chromatin ([@B33],[@B34]) and recruitment of the histone methyltransferase Metnase ([@B35]) contribute to increased H3K36me2 levels at DSBs and the consequent recruitment of NHEJ-associated repair factors to repair the damaged DNA. In addition, the histone methyltransferase PRDM2 catalyzes H3K9me2 at DSBs in a macroH2A1-dependent manner, and is critical for BRCA1 retention and DNA repair via HR ([@B36]). Among dozens of histone methyltransferases, data suggest that the histone methyltransferase G9a-like protein (GLP) might be directly involved in DNA damage repair. First, GLP was reported to be a potential substrate of ATM/ATR in the DDR ([@B37]). Secondly, the chromatin level of GLP also increases after irradiation ([@B38]). A more recent report identified that a specific G9a/GLP inhibitor (UNC0638) can impair NHEJ repair efficiency ([@B39]), but the detailed mechanism underlying this effect remains largely unknown.

Here, we used a combination of *in vitro* biochemical and cytological assays to show that H4K16 monomethylation (H4K16me1)---a novel histone modification---is involved in DNA damage repair. We found that histone methyltransferase GLP-catalyzed H4K16me1 levels markedly increase during the early stages of DDR and H4K16me1 has an increased interaction with 53BP1 after DNA damage treatment. This interaction is associated with increased 53BP1 binding to DSBs and H4K16me1 can cooperate with H4K20me2 to facilitate 53BP1 recruitment and NHEJ-mediated DNA repair. Our study deepens the knowledge of DNA damage repair and may have potential clinical applications in cancer treatment, with the development of novel therapeutics based on H4K16me1 functions in the DDR.

MATERIALS AND METHODS {#SEC2}
=====================

Cell culture and transfection {#SEC2-1}
-----------------------------

HCT116 cells were grown in McCoy\'s 5a medium supplemented with 10% fetal bovine serum and the appropriate amount of penicillin/streptomycin, in a humidified atmosphere of 5% CO~2~ maintained at 37°C. HeLa, LoVo, HEK293, A-T, EJ5-GFP U2OS and DR-GFP U2OS cells were grown in Dulbecco\'s Modified Eagles Medium under the same conditions. The cells were sub-cultured by trypsinization every 2 days, and seeded at the appropriate confluency. HeLa, LoVo and HCT116 cells were obtained from the American Type Culture Collection. A-T, EJ5-GFP U2OS and DR-GFP U2OS cells were obtained from Professor Xingzhi Xu (Shenzhen University). Transient and stable transfections were performed using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA), according to the manufacturer\'s protocol.

Antibodies {#SEC2-2}
----------

The antibodies used in this study were: anti-His-tag (D291-3, MBL, Aichi, Japan), anti-Myc-tag (M047-3, MBL), anti-GFP-tag (M048-3, MBL), anti-GLP (D220-3, MBL), anti-Flag-tag (F1804, Sigma-Aldrich, St Louis, MO, USA), anti-G9a (G6919, Sigma-Aldrich), anti-GST-tag (C1303, APPLYGEN, Beijing, China), anti-mCherry-tag (C1329, APPLYGEN, Beijing, China), anti-H3 (ab1791, Abcam, Cambridge, UK), anti-H4 (ab10158, Abcam), anti-H3K9me2 (ab1220, Abcam), anti-H3K27me3 (ab6002, Abcam), anti-H3K9me3 (ab8898, Abcam), anti-H3K79me1 (ab2886, Abcam), anti-H4K20me1 (ab9051, Abcam), anti-H4K20me2 (ab9052, Abcam), anti-MRE11 (ab12159, Abcam), anti-RPA32 (ab2175, Abcam), anti-phospho-Histone H2AX (Ser139) (05--636, EMD Millipore, Billerica, MA, USA), anti-53BP1 (MAB3802, EMD Millipore), anti-GLP (09--078, EMD Millipore), anti-FK2 (04--263, EMD Millipore), anti-53BP1 (NB100--304, Novus Biologicals, Abingdon, UK), anti-GLP (B0422, Novus Biologicals), anti-DNA-PKcs (sc-1552, Santa Cruz Biotechnology), anti-ATR (sc-1887, Santa Cruz Biotechnology), anti-Actin (sc-58673, Santa Cruz Biotechnology), anti-SET8 (C18B7, Cell Signaling Technology, Danvers, MA, USA), anti-ATM (GTX70103, GeneTex), anti-RNF8 (14112-1-AP, Proteintech, Wuhan, Hubei, China) and anti-RNF168 (21393-1-AP, Proteintech).

Inhibitors {#SEC2-3}
----------

The inhibitors used in this study were: KU-55933 (S1092), KU-57788 (S2638), VE-821 (S8007), TBB (S5265), Bix-01294 (S8006), A-196 (S7983); all from Selleck Chemicals, Houston, TX, USA.

H4K16me1 antibody generation {#SEC2-4}
----------------------------

The H4K16me1 antibody was raised in rabbits against the H4K16me1 peptide CKGGA-(methyl)K-RHRK coupled to keyhole limpet hemocyanin. Rabbits were injected with the immunogen three times under a typical boost time schedule. One week after the third injection, the rabbits were bled for the first time to perform the ELISA and dot blot assays. The rabbits with high specificity of antisera were boosted again for the last time 1 week later and exsanguinated 10 days following the final boost. Antisera were captured with Protein A resin and purified with antigen peptide conjugated resin. Furthermore, crossing peptide conjugated resin was used to deplete the cross-reactivity. The purified antibody was tested by ELISA, dot blot assay and western blotting.

Plasmids {#SEC2-5}
--------

The mouse GST-GLP plasmid (containing the Ankyrin and SET domains) was provided by Dr. Bing Zhu (Institute of Biophysics, Chinese Academy of Sciences). The human GFP-53BP1 plasmid was provided by Professor Xingzhi Xu (Shenzhen University). The cDNA of the 53BP1 Tudor domain was amplified and subcloned into pGEX-6P-1 and pET-28a vectors. Full-length and SET domain-deleted human GLP were amplified and subcloned into pcDNA3.1 and mCherry-N1 vectors. The full-length human SUV39H1 cDNA and the SETD2 catalytic fragment were amplified and cloned into pGEX-6P-1. The full-length human SET8 cDNA was amplified and cloned into pET-28a. EZH2 and DOT1L cDNAs were amplified and cloned into p3xFLAG-CMV-10. The I-SceI construct was provided by Professor Xingzhi Xu (Shenzhen University). All mutation constructs were generated with a Mut Express II Fast Mutagenesis Kit (Vazyme Biotech Co., Nanjing, China).

DNA damage treatment {#SEC2-6}
--------------------

For X-ray irradiation, cultured cells at 80% confluency were subjected to the indicated dose of radiation and then re-cultured in fresh medium for the indicated time. X-ray irradiation was delivered using an RS2000pro Ras Source biological X-ray irradiator (Rad Source Techologies, GA, USA) with a radiation output of 160 KV, 25 mA at a dose rate of 4.125 Gy/min.

For etoposide treatment, cells were treated with 40 μM etoposide (E1383, Sigma-Aldrich) for the indicated time, washed with phosphate-buffered saline (PBS) four times, and re-cultured in fresh medium for the indicated time before being harvested.

For micro-irradiation, cells were grown on a thin glass-bottom dish (Corning Incorporated, New York, NY, USA) and then sensitized by BrdU and locally irradiated with a 365 nm pulsed nitrogen UV laser (16 Hz pulse, 41% laser output) generated from a MicroPoint system (Andor Technology, Belfast, Ireland). This system was directly coupled to the epifluorescence path of a Nikon A1 confocal imaging system (Nikon, Tokyo, Japan). The relative intensity represents the gray-scale changes (I~t~-I~0~) calculated from at least 10 cells per treatment. The data represent the means ± standard deviation (SD). All data were analyzed in Image J.

*In vitro* HMTase assay {#SEC2-7}
-----------------------

For the *in vitro* HMTase assay, 2 μg substrates were incubated with different enzymes in a methylation reaction buffer \[50 mM Tris--HCl (pH 9.0 for GLP/G9a, pH 8.0 for others), 5 mM MgCl~2~, 4 mM dithiothreitol (DTT), 0.5 mM SAM\] at 37°C for the indicated time before analysis by western blotting. Histones H3 and H4 were obtained from New England Biolabs, MA, USA. GST, GST-GLP (containing the Ankyrin and SET domains), GST-SUV39H1, GST-SETD2 and His-SET8 were purified from *Escherichia coli*. Flag-EZH2 and Flag-DOT1L complexes were purified from HCT116 cells. G9a (containing the Ankyrin and SET domains) was purchased from Cayman Chemical Company, Ann Arbor, MI, USA.

Histone acid extraction {#SEC2-8}
-----------------------

Cells were lysed in 1 ml hypotonic lysis buffer (10 mM Tris--HCl pH 8.0, 1 mM KCl, 1.5 mM MgCl~2~ and 1 mM DTT, protease inhibitors), and the intact nuclei were pelleted by centrifugation at 12 000 rpm (13 523 × *g*) at 4°C for 10 min. The supernatant was discarded and the nuclei were re-suspended in 400 μl 0.2 M sulfuric acid and incubated for at least 30 min at 4°C. The samples were again collected by centrifugation at 12 000 rpm (13 523 × *g*) at 4°C for 10 min, and the supernatant containing the histones was collected. Trichloroacetic acid was added to the histones to a final concentration of 33% and the samples were incubated on ice for 30 min. The histone pellet was collected by centrifugation at 12 000 rpm (13 523 × *g*) at 4°C for 10 min, washed with acetone and then dissolved in ddH2O.

Protein extraction and western blotting {#SEC2-9}
---------------------------------------

For whole-cell lysate extraction, equal numbers of harvested cells were washed with PBS by centrifugation at 10 000 rpm (9391 × *g*) at 4°C for 30 s and the cell pellet was re-suspended in 30 μl (per 10^6^ cells) 2× protease inhibitor buffer containing one cocktail protease inhibitor pellet (Roche Holding AG, Basel, Switzerland) in 3.5 ml PBS. An equal volume of 2× sodium dodecyl sulphate (SDS) loading buffer (950 μl Laemmle buffer + 50 μl 2-mercaptoethanol) was added to the re-suspended cells. The samples were boiled for 10 min with a pulse vortex every 5 min, and then pelleted by centrifugation at 12,000 rpm (13,523 x *g*) at 4°C for 15 min.

For soluble and chromatin protein extraction, the cells were re-suspended in buffer I (50 mM Hepes pH 7.5, 150 mM NaCl, 1 mM ethylenediaminetetraacetic acid (EDTA), 0.1% Triton, protease inhibitors) on ice for 3 min. After centrifugation at 13,000 rpm (15,871 x *g*) at 4°C for 3 min, the supernatant was collected as the soluble fraction (Dt). The pellet was washed with buffer I and re-suspended in Buffer II (Buffer I containing 2% RNase A, protease inhibitors) at 25°C for 30 min. After centrifugation at 13,000 rpm (15,871 x *g*) at 4°C for 3 min, the supernatant (containing RNA binding proteins) was discarded, and the pellet was collected as the chromatin fraction (Chr).

Western blotting was used to evaluate protein levels, as previously described ([@B40]), with minor modifications. Equal amounts of proteins were size-fractionated on a 6--15% SDS-polyacrylamide gel electrophoresis gel.

Protein purification and pull-down assays {#SEC2-10}
-----------------------------------------

GST-fusion proteins were expressed in *E. coli* BL21 cells and purified using glutathione-sepharose 4B beads (GE Healthcare, Kings Park, NY, USA), according to the manufacturer\'s protocol. His-tagged proteins were expressed in *E. coli* BL21 (DE3) cells and purified using a Ni (ii)-Sepharose Affinity kit (GE Healthcare). Isolated proteins were further purified using a molecular sieve. The amino acid sequence of the biotinylated peptides corresponded to the histone H4 tail (aa 10--25). The following peptides were used:H4K16me0: Biotin-LGKGGAKRHRKVLRDN;H4K16me1: Biotin-LGKGGAK(me1)RHRKVLRDN;H4K16ac: Biotin-LGKGGAK(ac)RHRKVLRDN;H4K20me2: Biotin-LGKGGAKRHRK(me2)VLRDN;H4K16acK20me2: Biotin-LGKGGAK(ac)RHRK(me2)VLRDN;H4K16me1K20me2: Biotin-LGKGGAK(me1)RHRK(me2)VLRDN;H3K9me1 (R-1025-100, EpiGentek, Farmingdale, NY, USA);H3K9me2 (R-1027-100, EpiGentek).

For peptide pull-down assays, peptides were incubated with streptavidin agarose slurry (New England Biolabs, Ipswitch, MA, USA) overnight at 4°C in binding buffer (50 mM Tris--HCl pH 7.4, 150 mM NaCl, 10% Glycerol, 1 mM EDTA, 2 mM MgCl~2~, 0.5% NP-40). After removing the unbound peptides, 2 μg purified His-Tudor was added for 1 h and incubated at 4°C. After three washes with washing buffer (50 mM Tris--HCl pH 7.4, 300 mM NaCl, 10% Glycerol, 1 mM EDTA, 2 mM MgCl ~2~, 0.5% NP-40), beads were boiled and analyzed by western blotting. For GST pull-down, GST and GST-Tudor were incubated with the indicated peptides in binding buffer at 4°C for 3 h. After three washes in washing buffer, the beads were boiled and subjected to western blotting.

RNA interference (RNAi) {#SEC2-11}
-----------------------

The RNAi oligonucleotide sequences were as follows:non-specific small interfering RNA (siRNA) sense strand: 5′-UUCUCCGAACGUGUCACGU-3′;G9a siRNA sense strand: 5′-CCAUGCUGUCAACUACCAUGG-3′;GLP siRNA sense strands: GLPi\#1 5′-GATGCCAGCAGTCATGCAA-3′, GLPi\#2 5′- GGATTCAGATGTCACCTTA-3′;SET8 siRNA sense strand: 5′-CAAAUGCUCUGGAAUGCGU-3′;53BP1 siRNA sense strand: 5′- AGAACGAGGAGACGGUAAUAGUGGG-3′;BRCA1 siRNA sense strand: 5′-UUCUAACACAGCUUCUAGUUCAGCC3′;ATR siRNA sense strand: 5′-CCUCCGUGAUGUUGCUUGA-3′.

All RNAi oligonucleotides were purchased from Shanghai GenePharma Company. RNAi oligonucleotides were transfected using a Lipofectamine 2000 transfection kit (Invitrogen), according to the manufacturer\'s instructions. After transfection, the cells continued to grow in fresh medium for 72 h before DNA damage treatment. The GLP siRNAs \#1 and \#2 were cloned into a pGPU6/Hygro vector and a pool of shGLP\#1 and shGLP\#2 was transfected into HeLa cells to generate a stable GLP knockdown cell line. Briefly, 36 h after transfection, cells were selected with Hygromycin (200 μg/ml) for 14 days, and the survived colonies were selected. The efficiency of GLP knockdown was verified by western blotting.

Immunofluorescent analysis {#SEC2-12}
--------------------------

Cells were cultured on slides to ∼80% confluence. After DNA damage treatment, the cells were washed twice with PBS and fixed with 4% paraformaldehyde at room temperature for 10 min. After washing twice with PBS, the cells were permeabilized with 100% methanol at −20°C for 15 min. The slides were then washed once and incubated with blocking buffer (0.8% bovine serum albumin in PBS) at room temperature for 1 h, and incubated overnight with the indicated primary antibody (1:50--1:500 dilution) at 4°C. After three washes with blocking buffer, the slides were exposed to a secondary antibody conjugated to Alexa Fluor^®^ 488 or 594 dye. After incubation for 1 h with secondary antibody and three washes with blocking buffer, the samples were embedded in DAPI. Immunofluorescent images were captured under an Olympus confocal microscope.

Co-immunoprecipitation (Co-IP) assay {#SEC2-13}
------------------------------------

For whole-cell lysate Co-immunoprecipitation (Co-IP) assay, cells were collected and washed twice with PBS and then lysed in NP-40 lysis buffer (20 mM Tris--HCl pH 8.0, 137 mM NaCl, 10% glycerol, 1% Nonidet *P*-40, protease inhibitors) for 30 min on ice. The samples were then sonicated 15 times on ice, each for 1 s at 30% intensity. After sonication, the samples were treated with benzonase (EMD Millipore) at a final concentration of 50 U/ml supplemented with 2 mM MgCl~2~ to digest DNA at 4°C for 3 h. After centrifugation at 13 000 rpm (15 871 × *g*) at 4°C for 30 min, the supernatant was collected for immunoprecipitation. For the chromatin-unbound (Dt) fraction Co-IP, samples were collected as described above. For anti-Flag immunoprecipitation, 50 μl pre-cleared anti-Flag M2 beads (Sigma) was added and incubated at 4°C for 3 h. For anti-Myc immunoprecipitation, 2 μg anti-IgG or anti-Myc antibody was added to each sample and then incubated overnight at 4°C. Then, protein G sepharose beads were added for a further 3 h incubation. Samples were centrifugated at 1000 rpm (94 × *g*) at 4°C to remove the supernatant fraction. After washing with lysis buffer and centrifugation at 1000 rpm (94 × *g*) at 4°C for 1 min three times, the immunoprecipitated proteins were analyzed by western blotting.

Real-time RT-PCR assay {#SEC2-14}
----------------------

Total RNA was extracted in TRIzol (Invitrogen, USA), precipitated in ethanol and dissolved in RNAase/DNAase-free water. cDNA was then synthesized with 2 μg template RNA using a HiScript cDNA Synthesis Kit (Vazyme, China) containing genomic DNA wiper to exclude potential DNA contamination. The relative gene expression values were measured by real-time polymerase chain reaction (PCR) with SYBR-green dye (Vazyme, China) using the following program:Step 1, pre-denaturation at 95°C for 5 min; Step 2, 35 circles of sequential denaturation at 95°C for 10 s, then annealing and extension at 60°C for 30 s; Step 3, melt curve running from 60°C to 95°C. Three biological replicates were performed for each sample. The relative expression of mRNAs was determined by the 2^−ΔΔCt^ method against the reference gene Actin. Target gene expression values are presented as the means ± SD. The primers used are detailed in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}.

DR-GFP chromatin immunoprecipitation (ChIP) {#SEC2-15}
-------------------------------------------

For chromatin immunoprecipitation (ChIP) assay, DR-GFP U2OS cells were crosslinked with formaldehyde and then lysed in lysis buffer (50 mM Tris--HCl pH 8.0, 5 mM EDTA, 1% sodium dodecyl sulfate) on ice for 30 min. After sonication three times on ice, each for 10 s at 30% intensity, the supernatant was collected by centrifugation at 12 000 rpm (13 523 × *g*) at 4°C for 10 min and pre-cleared in dilution buffer (20 mM Tris--HCl pH 8.0, 2 mM EDTA, 150 mM NaCl, 1% Triton X-100) containing protein G or A sepharose beads (GE Healthcare, Kings Park, NY, USA) and salmon sperm DNA (Sigma-Aldrich, St Louis, MO, USA) by rotation at 4°C for 2 h. A total of 5% of the pre-cleared samples was used as the input, and then each remaining sample was divided into two parts and incubated with IgG or the indicated antibody at 4°C overnight. Protein G or A sepharose was then added to the sample and incubated at 4°C for 3 h. The beads were washed sequentially in TSE I, TSE II and Buffer III once and TE twice (detailed below). The samples were then eluted from the beads in elution buffer (1%SDS, 0.1M NaHCO~3~) at 37°C for 30 min and heated at 65°C overnight to reverse the cross-links. The DNA was purified using a NucleoSpin^®^ Gel and PCR Clean-up kit (Macherey Nagel, Düren, Germany) and real-time PCR was performed as described above, on an ABI7500 Real-Time PCR System with the following primers (∼2 kb away from the I-SceI cutting site): 5′-GCCCATATATGGAGTTCCGC-3′ (sense) and 5′-CGTAAGGTCATGTACTGGGC-3′ (antisense). For each sample, three PCR replicates were taken and the average Ct was used to calculate the IP/input (2^−ΔCt^). Three independent assays for each experiment were performed and the means ± SD of IP/input% (100/2^ΔCt^) from parallel experiments are presented to show the enrichment. TSE I: 0.1% SDS, 1% TritonX-100, 2 mM EDTA pH 8.0, 20 mM Tris--HCl pH 8.0, 150 mM NaCl; TSE II: 0.1% SDS, 1% TritonX-100, 2 mM EDTA pH 8.0, 20 mM Tris--HCl pH 8.0, 500 mM NaCl; Buffer III: 250 mM LiCl, 1% NP-40, 1% deoxycholate, 1 mM EDTA pH 8.0, 10 mM Tris--HCl pH 8.0; TE: 10 mM Tris--HCl pH 8.0, 1 mM EDTA pH 8.0.

EJ5-GFP NHEJ assay and DR-GFP HR assay {#SEC2-16}
--------------------------------------

EJ5-GFP or DR-GFP U2OS cells were treated with the indicated siRNAs in 6-well plates and then transfected with 1 μg of I-SceI per well after 24 h. After 48 h of I-SceI transfection, the cells were trypsinized and the percentage of GFP positive cells was determined by flow cytometry using a BD flow cytometer.

Colony formation assay {#SEC2-17}
----------------------

Cells were treated with or without 40 μM etoposide for 2 h, washed four times with PBS and then plated into 6 cm plates in equal number. After 2 weeks, the cells were fixed with 4% paraformaldehyde and stained with methylene blue to identify colonies. Three independent experiments were performed.

Comet assay {#SEC2-18}
-----------

Comet assay was performed as previously described ([@B41]). Briefly, the cells were gently mixed with pre-melted low-temperature-melting agarose at a volume ratio of 1:1 (v/v) and spread on glass slides. The slides were then submerged in pre-cooled lysis buffer at 4°C for 90 min. After rinsing, the slides were electrophoresed at 1.0 V/cm for 45 min, and then stained with propidium iodide. Fluorescent images for at least 100 nuclei were captured using an Olympus FV1000-IX81 Confocal Microscope (Olympus, Tokyo, Japan). The images were analyzed using Cometscore Version 1.5 software (TriTek Corp., Sumerduck, VA, USA) for tail moment. Three independent experiments were performed.

Statistical analysis {#SEC2-19}
--------------------

The data are expressed as the means ± SD. Significant differences between means were analyzed by two-tailed, unpaired Student\'s *t*-test and differences were considered statistically significant at \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001 or ^\*\*\*\*^*P* \< 0.0001. Microsoft Excel 2016 was used to analyze all data.

RESULTS {#SEC3}
=======

H4K16me1 levels increase in response to DNA damage {#SEC3-1}
--------------------------------------------------

In view of the dynamic H4K16ac changes that occur in the DDR, we first decided to investigate whether H4K16 can be modified by other modifications. Although H4K16me1 was suggested to exist in a mass spectrometry study ([@B42]), no validation and no biological study regarding this modification has since been reported. Therefore, we intended to see whether H4K16 methylation is indeed involved in DNA damage repair. Among all the three methylation states (mono-, di- and trimethylation), H4K16me1 was the only modification efficiently detected by our generated antibodies; H4K16 dimethylation and trimethylation did not produce clear signals. Our generated H4K16me1 antibody showed high specificity toward the H4K16me1 epitope, as verified by slot blot assay (Figure [1A](#F1){ref-type="fig"} and [Supplementary Figure S1A](#sup1){ref-type="supplementary-material"}) and peptide competition assay ([Supplementary Figure S1B](#sup1){ref-type="supplementary-material"}). This antibody could successfully detect histones extracted from HEK293 cells but not recombinant H4 (Figure [1B](#F1){ref-type="fig"} and [Supplementary Figure S1C](#sup1){ref-type="supplementary-material"}). In addition, it showed good specificity for H4K16me1 as presented with the entire immunoblot membrane probed in parallel with H4 to show corresponding molecular weights ([Supplementary Figure S1C](#sup1){ref-type="supplementary-material"}). The H4K16me1 signals were completely abolished when lysine was mutated to arginine at H4K16 (Figure [1C](#F1){ref-type="fig"}). Using this qualified antibody, we were able to detect the existence of H4K16me1 in various mammalian cell lines ([Supplementary Figure S1D](#sup1){ref-type="supplementary-material"}).

![H4K16me1 levels increase in response to DNA damage. (**A**) Slot blot assay showing high specificity of the H4K16me1 antibody. Cross reactivity with peptides carrying other modifications was not detected. (**B**) H4K16me1 expression in HEK293 cells. Recombinant Histone H4 (rH4) was used as a negative control. (**C**) HCT116 cells were transfected with a Myc-tagged H4 WT or K16R mutant vector for 3 days before anti-Myc tag immunoprecipitation and western blotting. (**D**) Western blot analysis of histones extracted from HCT116 cells 1 h after exposure to increasing doses of X-ray irradiation (IR). Ctr, no IR. (**E**) Western blot analysis of histones extracted from HCT116 cells after X-ray irradiation at 10 Gy and re-cultured for the indicated time. (**F**) HeLa cells were subjected to micro-irradiation, then fixed 10 min later and immunostained with the indicated antibodies. Scale bars: 10 μm. (**G**) DR-GFP U2OS cells were transiently transfected with I-SceI and subjected to ChIP assay 24 h later with the indicated antibodies. The IP/input% from three independent experiments is shown as the means ± SD. n.s., not significant, \**P* \< 0.05 (Student\'s *t*-test).](gkz897fig1){#F1}

To determine whether H4K16me1 is involved in the DDR, we subjected HCT116 cells to X-ray irradiation and monitored subsequent H4K16me1 levels. Here, we observed a dose-dependent increase in H4K16me1 (Figure [1D](#F1){ref-type="fig"}); H4K16me1 levels increased within minutes and recovered to basal levels hours after irradiation (Figure [1E](#F1){ref-type="fig"}). Consistent with previous reports ([@B14],[@B43]), total H4K20me2 levels did not markedly change after irradiation (Figure [1E](#F1){ref-type="fig"}). We confirmed this increase in H4K16me1 levels after irradiation in HeLa ([Supplementary Figure S1E](#sup1){ref-type="supplementary-material"}) and LoVo ([Supplementary Figure S1F](#sup1){ref-type="supplementary-material"}) cells. In addition, H4K16me1 levels also increased when etoposide was used to induce DNA damage ([Supplementary Figure S1G](#sup1){ref-type="supplementary-material"}). These data indicate that an increase in H4K16me1 is a general phenomenon that occurs in response to DNA damage.

We next micro-irradiated HeLa cells and then performed immunostaining with the indicated antibodies to check whether H4K16me1 levels increase at DSBs. We observed remarkable overlap between H4K16me1 and γH2AX, and between H4K16me1 and 53BP1 at the micro-irradiated sites (Figure [1F](#F1){ref-type="fig"}). In addition, most of the micro-irradiated cells showed no obvious increase in H4K20me2 at the micro-irradiated sites, which may due to the high basal levels of H4K20me2 ([Supplementary Figure S1H](#sup1){ref-type="supplementary-material"}). We also performed a ChIP assay in DR-GFP U2OS cells, in which transfection of the I-SceI construct induces DSBs at I-SceI sites ([@B44]). Here, we found that H4K16me1 levels significantly increased at I-SceI cut sites (Figure [1G](#F1){ref-type="fig"}), supporting that H4K16me1 is directly involved in DNA damage repair.

GLP catalyzes H4K16me1 both *in vitro* and *in vivo* {#SEC3-2}
----------------------------------------------------

To investigate which methyltransferase can catalyze H4K16me1, we performed a series of *in vitro* methylation assays using different methyltransferases. We found that the GLP catalytic construct efficiently methylated the H4K16 residue *in vitro* (Figure [2A](#F2){ref-type="fig"}), whereas the other investigated histone methyltransferases (SUV39H1, EZH2, SETD2, DOT1L and SET8) showed no catalytic activity toward this site ([Supplementary Figure S2A](#sup1){ref-type="supplementary-material"}). In addition, we detected a very weak signal of H4K16me1 after catalyzation by G9a when compared to that by GLP (Figure [2A](#F2){ref-type="fig"}). Interestingly, GLP activity toward H4K16 was largely inhibited when G9a was added into the catalytic system (Figure [2B](#F2){ref-type="fig"} and [Supplementary Figure S2B](#sup1){ref-type="supplementary-material"}). In comparison to wild-type (WT) GLP, a catalytic dead GLP mutant (C1201A) exhibited no activity in catalyzing H4K16me1 (Figure [2B](#F2){ref-type="fig"} and [Supplementary Figure S2B](#sup1){ref-type="supplementary-material"}). We next purified H4 (WT) and H4 (K16R) proteins from *E. coli* and found that the K16R mutation completely abolished the H4K16me1 signals after GLP catalyzation (Figure [2C](#F2){ref-type="fig"}). Moreover, when we added the GLP methyltransferase inhibitor Bix-01294 into the *in vitro* methylation system, GLP activity in catalyzing H4K16me1 was largely inhibited ([Supplementary Figure S2C](#sup1){ref-type="supplementary-material"}).

![GLP catalyzes H4K16me1 both *in vitro* and *in vivo*. (**A**) *In vitro* methylation assays were performed using different methyltransferases. Recombinant histone H3 and H4 were used as substrates. (**B**) *In vitro* methylation assays were performed with different methyltransferases. Core histones extracted from HCT116 cells were used as substrates. (**C**) Purified H4 (WT) or H4 mutant (K16R) proteins were incubated with GST or GST-GLP for 20 or 40 min in methylation reaction buffer, respectively. (**D**) HCT116 cells were treated with 2.5 μM Bix-01294 for 24 h before histone (left) and whole cell lysates (right) extraction and western blotting. (**E**) GLP was knocked down in HCT116 cells with GLP siRNA\#1 or \#2. Cells were collected 72 h after transfection, and whole cell lysates and histones were extracted for western blotting. (**F**) Flag-GLP was over-expressed in HCT116 cells for 72 h before histone extraction and western blotting.](gkz897fig2){#F2}

To check whether GLP catalyzes H4K16me1 *in vivo*, we treated HCT116 cells with Bix-01294 for 2 days and observed a notable decrease in H4K16me1; GLP and G9a expression, however, was unchanged (Figure [2D](#F2){ref-type="fig"}). In addition, we performed an RNA-interference assay in HCT116 cells: here, H4K16me1 levels were remarkably decreased by GLP knockdown (Figure [2E](#F2){ref-type="fig"}). Consistently, H4K16me1 levels increased when GLP was over-expressed (Figure [2F](#F2){ref-type="fig"}). Converse to GLP, we found G9a may be dispensable for H4K16me1 *in vivo* because H4K16me1 levels were not impaired in G9a knockout (KO) HCT116 cells ([Supplementary Figure S2D](#sup1){ref-type="supplementary-material"}). Collectively, these data support that GLP is a methyltransferase responsible for catalyzing H4K16me1 both *in vitro* and *in vivo*.

GLP catalyzes H4K16me1 in response to DNA damage in an ATM-dependent manner {#SEC3-3}
---------------------------------------------------------------------------

Because GLP can methylate H4K16 both *in vitro* and *in vivo*, and H4K16 is methylated in response to DNA damage, we hypothesized that GLP can induce an increase in H4K16me1 in response to DNA damage. To test this hypothesis, we performed a micro-irradiation assay in HeLa cells (Figure [3A](#F3){ref-type="fig"}) and a ChIP assay in DR-U2OS cells (Figure [3B](#F3){ref-type="fig"}) to check whether GLP can be recruited to DSBs. We detected obvious GLP enrichment at the micro-irradiated (Figure [3A](#F3){ref-type="fig"}) or I-SceI cut sites (Figure [3B](#F3){ref-type="fig"}). Notably, GLP accumulated at micro-irradiated sites within 20 sec, independently of its methyltransferase activity and its interaction with G9a ([Supplementary Figure S3A and B](#sup1){ref-type="supplementary-material"}). Although GLP usually forms a heterodimer with G9a, G9a recruitment to the micro-irradiated sites was slower and reached lower levels than GLP ([Supplementary Figure S3A and B](#sup1){ref-type="supplementary-material"}). In addition, GLP recruitment to micro-irradiated sites was not impaired in G9a KO HCT116 cells ([Supplementary Figure S3C--E](#sup1){ref-type="supplementary-material"}). We also detected a partial dissociation of the G9a/GLP complex in the soluble, but not the chromatin-bound fraction after etoposide treatment ([Supplementary Figure S3F](#sup1){ref-type="supplementary-material"}). Endogenous co-immunoprecipitation (Co-IP) experiments confirmed this partial dissociation between G9a and GLP in the soluble fraction ([Supplementary Figure S3G and H](#sup1){ref-type="supplementary-material"}). In our previous study, we found that G9a KO impaired RPA loading on to ssDNA and HR repair ([@B45]). We thus checked RPA foci formation following GLP knockdown: differing from G9a, RPA foci formation was not impaired by GLP knockdown ([Supplementary Figure S3I](#sup1){ref-type="supplementary-material"}), suggesting that GLP may have distinct roles from G9a in DNA damage repair.

![GLP catalyzes H4K16me1 in response to DNA damage in an ATM-dependent manner. (**A**) HeLa cells were subjected to micro-irradiation, then fixed 10 min later and immunostained with the indicated antibodies. Scale bars: 10 μm. (**B**) DR-GFP U2OS cells were transfected with Flag-GLP for 48 h and then transfected with I-SceI expression construct and cultured for a further 24 h. Cells were collected and subjected to ChIP with the indicated antibodies. Three independent experiments were performed. The data represent the means ± SD. n.s., not significant, \*\**P* \< 0.01 (Student\'s *t*-test). (**C**) HCT116 cells were transfected with GLP siRNA\#1 for 72 h before X-ray irradiation. Cells were further cultured for 30 min before whole cell lysates and histone extraction for western blotting. (**D**) The same experiment as described in (**C**) was performed with 40 μM etoposide (instead of X-ray irradiation) treatment for 30 min to induce DNA damage. (**E**) GLP was knocked down in DR-GFP U2OS cells by GLP siRNA\#1. After I-SceI transfection for 24 h, four independent ChIP assays were performed with the indicated antibodies. The data represent the means ± SD. n.s., not significant, \**P* \< 0.05, \*\**P* \< 0.01 (Student\'s *t*-test). (**F**) HeLa cells were transfected with mCherry-GLP for 2 days and treated with 10 μM KU-55933 (ATM inhibitor), 10 μM KU-57788 (DNA-PKcs inhibitor), 10 μM VE-821 (ATR inhibitor) or 50 μM TBB (CK2 inhibitor) for 2 h before micro-irradiation. (**G**) Relative intensity of mCherry-GLP at micro-irradiated sites in the experiments described in (**F**). The data represent the means ± SD. (**H**) Western blot analysis of histones extracted from A-T cells 1 h after exposure to 10 Gy X-ray irradiation.](gkz897fig3){#F3}

To verify whether the increase in H4K16me1 levels during the DDR is dependent on GLP, we knocked down GLP in HCT116 cells and subjected the cells to X-ray irradiation. Here, the increase in H4K16me1 was largely inhibited as a result of GLP knockdown (Figure [3C](#F3){ref-type="fig"} and [Supplementary Figure S4A](#sup1){ref-type="supplementary-material"}). We obtained consistent results when treating the cells with etoposide (Figure [3D](#F3){ref-type="fig"}). In addition, the increase in H4K16me1 at I-SceI cut sites was also largely inhibited by GLP knockdown (Figure [3E](#F3){ref-type="fig"}). H3K9me3 enrichment at I-SceI cut sites was not obviously affected by GLP knockdown and the H3K9me2 levels were still significantly induced, which may be as a result of catalyzation by other H3K9 methyltransferases (Figure [3E](#F3){ref-type="fig"}) ([@B36]). At last, G9a knockout or SET8 knockdown did not impair the increase in H4K16me1 levels in the DDR ([Supplementary Figure S4B and C](#sup1){ref-type="supplementary-material"}). From these data, we conclude that the increase in H4K16me1 levels at DSBs is catalyzed by GLP.

A previous study proposed GLP as a potential ATM substrate ([@B37]). Consistently, we found that GLP recruitment to DNA stripes was impaired upon exposure to the ATM inhibitor KU-55933, but not the DNA-PKcs inhibitor KU-57788, the ATR inhibitor VE-821 or the CK2 inhibitor TBB (Figure [3F](#F3){ref-type="fig"} and [G](#F3){ref-type="fig"}). These data suggest that GLP recruitment may be directly regulated by ATM. Such direct regulation is supported by an increased interaction between GLP and ATM ([Supplementary Figure S4D](#sup1){ref-type="supplementary-material"}) and an increase in p-S/T-Q GLP signal after etoposide treatment ([Supplementary Figure S4E](#sup1){ref-type="supplementary-material"}). In addition, *in vitro* phosphorylation assay showed that GLP can be phosphorylated by ATM ([Supplementary Figure S4F](#sup1){ref-type="supplementary-material"}). Interestingly, we found that G9a had a decreased interaction with GLP when GLP was phosphorylated by ATM ([Supplementary Figure S4G](#sup1){ref-type="supplementary-material"}), suggesting that their partial dissociation in the DDR might be ATM dependent. Consistent with GLP regulation by ATM, H4K16me1 levels failed to increase in response to X-ray irradiation in ATM-mutated A-T cells (Figure [3H](#F3){ref-type="fig"}). In contrast to ATM, when we knocked down ATR by siRNA ([Supplementary Figure S4H](#sup1){ref-type="supplementary-material"}) or treated cells with the ATR inhibitor VE-821 ([Supplementary Figure S4I](#sup1){ref-type="supplementary-material"}), H4K16me1 levels still efficiently increased after X-ray irradiation. These findings suggest that the increased H4K16me1 in response to DNA damage is GLP and ATM dependent.

GLP-catalyzed H4K16me1 is associated with 53BP1 binding activity in response to DNA damage {#SEC3-4}
------------------------------------------------------------------------------------------

Contact between the histone H4K16 residue and the 53BP1 Tudor domain has been previously described ([@B14],[@B30]); therefore, we hypothesized that H4K16me1 directly interacts with the 53BP1 tandem Tudor domain. To verify this hypothesis, we performed GST (Figure [4A](#F4){ref-type="fig"}) and peptide pull-down assays (Figure [4B](#F4){ref-type="fig"}). Here, we successfully detected an interaction between the GST-tagged 53BP1 tandem Tudor domain and biotin-labeled H4K16me1 peptide (Figure [4A](#F4){ref-type="fig"} and [B](#F4){ref-type="fig"}). In contrast to H4K16me1, we didn't find an interaction between the H3K9me1 or H3K9me2 peptide with the 53BP1 tandem Tudor domain (Figure [4B](#F4){ref-type="fig"}). We also performed an endogenous Co-IP to confirm the interaction between 53BP1 and H4K16me1. Interestingly, this interaction notably increased after DNA damage treatment (Figure [4C](#F4){ref-type="fig"}). These data suggest that H4K16me1 may have a positive role in 53BP1 binding to damaged chromatin through a direct interaction.

![GLP-catalyzed H4K16me1 is associated with 53BP1 binding activity in response to DNA damage. (**A**) A GST pull-down assay was performed to detect the interaction between the GST-tagged Tudor domain of 53BP1 and the indicated H4 peptides. (**B**) A peptide pull-down assay was performed to check the interaction between the 53BP1 tandem Tudor domain and the indicated peptides. (**C**) HCT116 cells were treated with 40 μM etoposide for 30 min. Whole cell lysates were extracted and H4K16me1 levels were normalized to each sample before immunoprecipitation (IP) with an anti-53BP1 antibody. The interacting proteins were analyzed by western blotting. (**D**) Chromatin and total levels of DNA repair factors were detected in shRNA control (shCtr) or shGLP HeLa cells with or without 40 μM etoposide treatment for 30 min. A pool of shGLP\#1 and shGLP\#2 was used to generate the stable GLP knockdown cell line. (**E**) shCtr and shGLP HeLa cells were treated with 40 μM etoposide for 30 min before confocal detection of 53BP1 foci formation. 53BP1 foci numbers were counted from a minimum of 150 cells. The data represent the means ± SD. \*\*\**P* \< 0.001 (Student\'s *t*-test). (**F**) HeLa cells were pre-treated with or without 2.5 μM Bix-01294 for 24 h before X-ray irradiation. The cells were fixed at 20 min post-irradiation to detect 53BP1 foci formation by confocal microscopy. 53BP1 foci numbers were counted from a minimum of 150 cells. The data represent the means ± SD. \*\*\**P* \< 0.001 (Student\'s *t*-test). (**G**) Dynamics of GFP-53BP1 accumulation at micro-irradiated sites with or without 2.5 μM Bix-01294 treatment for 24 h. (**H**) Relative intensity of GFP-53BP1 at micro-irradiated sites in the experiments described in (G). The data represent the means ± SD. (**I**--**K**) shGLP cells were transfected with reconstituted Flag-GLP (WT) or Flag-GLP (ΔSET) for 72 h and then treated with 40 μM etoposide for 30 min. Cells were then fixed and immunostained with anti-Flag, anti-H4K16me1 and anti-53BP1 antibodies. The arrows indicate the cells with successful transfection or elevated H4K16me1 levels (I and J). Ctr, no etoposide treatment. Scale bars: 10 μm. 53BP1 foci numbers in H4K16me1 elevated or not elevated cells were counted (K). The data represent the means ± SD. \*\*\**P* \< 0.001 (Student\'s *t*-test).](gkz897fig4){#F4}

To validate the positive role of GLP-catalyzed H4K16me1 in 53BP1 recruitment, we checked the chromatin levels of 53BP1 in shCtr and shGLP (GLP stable knockdown) cells following etoposide-induced DNA damage. 53BP1 recruitment onto damaged chromatin was largely inhibited in shGLP cells, whereas other factors, including ATM, ATR or DNA-PKcs were unaffected (Figure [4D](#F4){ref-type="fig"}). Of note, total 53BP1, ATM, ATR and DNA-PKcs protein levels were unchanged by GLP knockdown (Figure [4D](#F4){ref-type="fig"}). We also monitored 53BP1 foci formation in shCtr and shGLP cells after etoposide treatment. Here, 53BP1 foci formation was markedly impaired by GLP knockdown (Figure [4E](#F4){ref-type="fig"} and [Supplementary Figure S5A](#sup1){ref-type="supplementary-material"}). In addition, 53BP1 foci formation was also impaired upon Bix-01294 treatment (Figure [4F](#F4){ref-type="fig"}, and [Supplementary Figure S5B](#sup1){ref-type="supplementary-material"}). Consistently, GFP-53BP1 recruitment to the micro-irradiated sites was markedly delayed by Bix-01294 treatment (Figure [4G](#F4){ref-type="fig"} and [H](#F4){ref-type="fig"}). Consistent with a positive role for GLP in 53BP1 foci formation, we found that GLP was important for NHEJ repair. We measured NHEJ efficiency following transfection of the I-SceI construct into EJ5-GFP U2OS cells, in which I-SceI excises redundant DNA and GFP expression is restored upon successful NHEJ repair ([@B46]). GLP or SET8 knockdown seriously impaired NHEJ, whereas G9a knockdown had only a mild effect ([Supplementary Figure S5C](#sup1){ref-type="supplementary-material"}). NHEJ efficiency was also significantly impaired by Bix-01294 treatment ([Supplementary Figure S5D](#sup1){ref-type="supplementary-material"}). Conversely, G9a knockdown but not GLP knockdown caused a remarkable defect in HR-mediated repair in DR-GFP U2OS cells ([Supplementary Figure S5E](#sup1){ref-type="supplementary-material"}). Together, these data suggest that GLP and its methyltransferase activity are important for 53BP1 foci formation in response to DNA damage.

Because H4K20me2 is important for 53BP1 foci formation, we checked whether GLP knockdown impaired 53BP1 foci formation by affecting H4K20me2: H4K20me2 levels were not impaired in shGLP cells ([Supplementary Figure S5F](#sup1){ref-type="supplementary-material"}). We also analyzed the expression of DNA repair factors in shCtr and shGLP cells at the mRNA level, and found that none of these factors showed impaired expression by GLP knockdown ([Supplementary Figure S5G](#sup1){ref-type="supplementary-material"}). In addition, we didn't see obvious changes in foci formation of RNF8, RNF168 and FK2 (chromatin ubiquitin) by GLP knockdown ([Supplementary Figure S6A--C](#sup1){ref-type="supplementary-material"}). Although GLP is a methyltransferase for H3K9me2, H3K9me2 has a reported role in recruiting the 53BP1-antagonistic BRCA1 complex and promoting HR-mediated DNA damage repair ([@B36],[@B47]). Therefore, we hypothesized that impaired 53BP1 foci formation and NHEJ repair following GLP knockdown may be H4K16me1-dependent. To delineate the role of H4K16me1 in 53BP1 regulation, we transfected shGLP cells with reconstituted WT or SET-domain deleted (ΔSET) Flag-tagged GLP. Flag-GLP (ΔSET) methyltransferase activity was completely abolished by the catalytic SET domain deletion. Consistent with our previous results, H4K16me1 in shGLP cells was markedly enhanced upon rescue with Flag-GLP (WT), but not Flag-GLP (ΔSET) (Figure [4I](#F4){ref-type="fig"}). Similarly, shGLP cells transfected with Flag-GLP (WT) but not Flag-GLP (ΔSET) exhibited an obvious improvement in 53BP1 foci formation ([Supplementary Figure S5H](#sup1){ref-type="supplementary-material"}). Immunofluorescent analysis also confirmed a correlation between improved 53BP1 foci formation and elevated H4K16me1 levels (Figure [4J](#F4){ref-type="fig"} and [K](#F4){ref-type="fig"}). Overall, we conclude that GLP-catalyzed H4K16me1 is important for 53BP1 binding to chromatin in response to DNA damage.

H4K16me1 differs from H4K16ac in mediating the DNA damage response and in regulating the H4K20me2--53BP1 interaction {#SEC3-5}
--------------------------------------------------------------------------------------------------------------------

A previous study suggested a dynamic change in H4K16ac during the DDR ([@B48]). As such, we decided to investigate the connection between H4K16me1 and H4K16ac in the DDR. Differing from the trend of H4K16me1 in DDR, H4K16ac decreased in the early stages of DNA repair, and increased a few hours after etoposide withdrawal (Figure [5A](#F5){ref-type="fig"} and [Supplementary Figure S7A](#sup1){ref-type="supplementary-material"}). We verified these opposing trends of H4K16me1 and H4K16ac at DSBs by performing a time course ChIP assay near the I-SceI cut sites (Figure [5B](#F5){ref-type="fig"}). More convincingly, both decreased H4K16ac and increased H4K16me1 levels were detected at micro-irradiated sites after micro-irradiation (Figure [5C](#F5){ref-type="fig"}).

![H4K16me1 differs from H4K16ac in mediating the DDR and in regulating the H4K20me2--53BP1 interaction. (**A**) HeLa cells were treated with 40 μM etoposide for 30 min. The cells were then washed four times with PBS and re-cultured in fresh medium. Histones were extracted at each release time (indicated) and analyzed by western blotting. (**B**) DR-U2OS cells were transfected with I-SceI and then collected at each indicated time point. H4K16me1 and H4K16ac enrichment at I-SceI sites was detected by three independent ChIP assays. (**C**) HeLa cells were micro-irradiated, fixed and stained with the indicated antibodies. Images show an enrichment in H4K16me1 and a decrease in H4K16ac at the irradiated strips. Scale bars: 10 μm. (**D** and **E**) Mononucleosomes were extracted from HCT116 cells that had been exposed to 40 μM etoposide treatment for 30 min. H4K16me1 or H4K16ac levels were normalized to each sample. The mononucleosomes were immunoprecipitated with an anti-H4K20me2 antibody. The H4K16me1 (D) or H4K16ac (E) levels on H4K20me2-enriched mononucleosomes were analyzed by western blotting. (**F**) 53BP1 was immunoprecipitated from etoposide-treated or untreated shCtr or shGLP cells, and the interactive components were analyzed by western blotting. (**G**) A peptide pull-down assay was performed to detect the interactions between the 53BP1 Tudor domain and several H4 peptides. (**H**) Histones were extracted from HCT116 cells and incubated with GLP in methylation reaction buffer with or without SAM for 1 h. Subsequently, the differently modified histones were incubated with GST-Tudor for 8 h before anti-H4K20me2 immunoprecipitation and western blotting. (**I**) Histones were extracted from HCT116 cells and incubated with GLP in methylation reaction buffer with or without SAM for 1 h. Subsequently, the differently modified histones were incubated with beads-bound GST or GST-Tudor for 2 h at 4°C. The beads were washed three times before western blotting.](gkz897fig5){#F5}

By performing a mononucleosome Co-IP assay, we detected increased levels of H4K16me1 on the H4K20me2-enriched mononucleosomes after DNA damage treatment (Figure [5D](#F5){ref-type="fig"} and [Supplementary Figure S7B](#sup1){ref-type="supplementary-material"}). In addition, we detected decreased H4K16ac on the H4K20me2-enriched mononucleosomes (Figure [5E](#F5){ref-type="fig"}). Because H4K16ac impairs the binding of 53BP1 to H4K20me2 ([@B30]), we investigated whether H4K16me1 can influence the binding affinity of 53BP1 to H4K20me2. By assaying anti-53BP1 precipitation in shCtr and shGLP cells (where basal levels of H4K16me1 are deceased by GLP knockdown), we found that 53BP1 had a weaker interaction with H4K20me2 in shGLP cells than in shCtr cells following etoposide-induced DNA damage (Figure [5F](#F5){ref-type="fig"}). Of note, even though 53BP1 had an increased interaction with both H4K20me2 and H4K16me1 after DNA damage, the increased degree of H4K16me1 was higher than H4K20me2 in the 53BP1 interacting fraction (Figure [5F](#F5){ref-type="fig"} and [Supplementary Figure S7C](#sup1){ref-type="supplementary-material"}).

We also treated HCT116 cells with A-196, a specific Suv4--20h1/Suv4--20h2 inhibitor ([@B49]). A-196 treatment caused a notable decrease in H4K20me2/H4K20me3 levels and a marked increase in H4K20me1 levels, whereas the H4K16me1 levels were not obviously changed ([Supplementary Figure S7D](#sup1){ref-type="supplementary-material"}). Moreover, the increase in H4K16me1 levels in response to DNA damage was also unaffected by A-196 treatment ([Supplementary Figure S7E](#sup1){ref-type="supplementary-material"}). Similar to the influence of H4K16me1 loss on the H4K20me2--53BP1 interaction in the DDR (Figure [5F](#F5){ref-type="fig"}), H4K16me1 showed increased 53BP1 binding after X-ray irradiation, but this interaction was partially suppressed under A-196 treatment ([Supplementary Figure S7F](#sup1){ref-type="supplementary-material"}). Consistently, combined A-196 and Bix-01294 treatment inhibited 53BP1 foci formation more effectively than A-196 or Bix-01294 single treatment during the DDR ([Supplementary Figure S7G--H](#sup1){ref-type="supplementary-material"}).

We then performed a peptide pull-down assay with the 53BP1 His-Tudor domain and several modified H4 peptides to assess the binding affinity of the Tudor domain with each peptide. The peptide possessing both H4K16me1 and H4K20me2 had a stronger interaction with the 53BP1 Tudor domain than the H4K20me2 peptide alone (Figure [5G](#F5){ref-type="fig"}). Consistent with previous reports ([@B30],[@B31]), we observed a much weaker interaction between the 53BP1 Tudor domain and the H4K16acK20me2 peptide (Figure [5G](#F5){ref-type="fig"}). In addition, the 53BP1 tandem Tudor D1521A that fails to bind H4K20me2 maintained the ability to bind the H4K16me1 and H4K16me1K20me2 peptides ([Supplementary Figure S7I](#sup1){ref-type="supplementary-material"}), indicating different binding sites in the 53BP1 tandem Tudor domain for H4K16me1 and H4K20me2. Moreover, anti-H4K20me2 immunoprecipitation (Figure [5H](#F5){ref-type="fig"}) and GST pull-down (Figure [5I](#F5){ref-type="fig"}) assays showed that the GST-Tudor domain had an increased interaction with H4K20me2 when the histones were pre-methylated by GLP to obtain high levels of H4K16me1. Taken together, these data suggest that H4K16me1 can cooperate with H4K20me2 to recruit 53BP1 in response to DNA damage.

GLP promotes DNA damage repair and cell survival in a 53BP1-dependent manner {#SEC3-6}
----------------------------------------------------------------------------

To further validate the roles of GLP and H4K16me1 in DNA damage repair, we performed comet assays in shCtr and shGLP cells and compared the DNA repair efficiency by monitoring the length and area of the DNA comet tails ([@B41]). We observed extensive DNA damage after etoposide treatment in both cell lines, as represented by long comet tails (Figure [6A](#F6){ref-type="fig"} and [B](#F6){ref-type="fig"}). At 18 h post-etoposide withdrawal, however, the comet tails in shCtrl cells had almost recovered to basal levels, whereas the comet tails in shGLP cells exhibited significant and sustained levels, indicative of delayed DNA damage repair. To confirm the role of GLP methyltransferase activity in DNA damage repair, we transfected shGLP cells with Flag-GLP (WT) or Flag-GLP (ΔSET) vector and again treated the cells with etoposide before analyzing the comet tails (Figure [6A](#F6){ref-type="fig"} and [B](#F6){ref-type="fig"}; [Supplementary Figure S8A](#sup1){ref-type="supplementary-material"}). At 18 h after etoposide withdrawal, shGLP cells transfected with Flag-GLP (WT) exhibited a significant improvement in DNA damage repair, whereas cells transfected with Flag-GLP (ΔSET) did not show any improvement (Figure [6A](#F6){ref-type="fig"} and [B](#F6){ref-type="fig"}).

![GLP promotes DNA damage repair and cell survival in a 53BP1-dependent manner. (**A**) Comet assays were performed to detect the repair efficiency of shCtr and shGLP cells transfected with pcDNA, Flag-GLP (WT) or Flag-GLP (ΔSET) after 40 μM etoposide treatment. Representative images of the cells under each condition are shown. Consistent results were observed from at least three independent experiments. Scale bars: 150 μm. (**B**) Quantification of tail moments from the comet assays described in (A). Three independent experiments were performed. The data represent the means ± SD. n.s., not significant, \**P* \< 0.05, \*\**P* \< 0.01 (Student\'s *t*-test). (**C**) shCtr and shGLP cells were transfected with pcDNA or Flag-GLP (WT) or Flag-GLP (ΔSET) for 72 h before 40 μM etoposide treatment for 2 h. The cells were then analyzed by colony formation assay. (**D**) Quantification of the three independent colony formation assays described in (C). The data represent the means ± SD. n.s., not significant, \*\*\**P* \< 0.001 (Student\'s *t*-test). (**E**) GLP was knocked down in G9a knockout (KO) cells, and the expression levels of H3K9me2, H4K16me1, GLP and G9a were analyzed by western blotting. (**F**) GLP was knocked down in G9a KO cells followed by 40 μM etoposide treatment for 2 h. Cell viability under each condition was examined by colony formation assay. Three independent experiments were performed. The data represent the means ± SD. \*\**P* \< 0.01 (Student\'s *t*-test). (**G**) 53BP1 was knocked down in HCT116 cells before Flag-GLP over-expression for 36 h. After 40 μM etoposide treatment for 1 h, the cells were washed, counted and seeded for colony formation assay. Three independent experiments were performed. The data represent the means ± SD. n.s., not significant, \*\**P* \< 0.01 (Student\'s *t*-test).](gkz897fig6){#F6}

We next performed several colony formation assays in shCtr and shGLP cells to investigate the role of GLP-catalyzed H4K16me1 in cell survival following DNA damage. After etoposide treatment, the shGLP cells exhibited significantly impaired cell viability than control cells (Figure [6C](#F6){ref-type="fig"} and [D](#F6){ref-type="fig"}). This deficiency was rescued by transfection with Flag-GLP (WT) but not Flag-GLP (ΔSET). Because GLP is also a methyltransferase for H3K9, and H3K9 methylation is important for DNA damage repair ([@B36],[@B47],[@B50]), we knocked down GLP in G9a KO cells to determine the role of H4K16me1 in DNA damage repair. In agreement with a previous report ([@B51]), GLP knockdown did not induce a further decrease in H3K9 methylation in G9a KO cells, whereas it caused a significant decrease in H4K16me1 (Figure [6E](#F6){ref-type="fig"}). Consistently, the viability of G9a KO cells was also impaired following GLP knockdown (Figure [6F](#F6){ref-type="fig"}; [Supplementary Figure S8B and C](#sup1){ref-type="supplementary-material"}). To check whether 53BP1 is involved in GLP-regulated cell viability in response to DNA damage, we over-expressed GLP in HCT116 control cells or HCT116 cells with 53BP1 knockdown and then treated the cells with etoposide. Here, GLP over-expression increased cell viability in HCT116 control cells, whereas this effect was blocked by 53BP1 knockdown (Figure [6G](#F6){ref-type="fig"}; [Supplementary Figure S8D and E](#sup1){ref-type="supplementary-material"}). These results indicate that GLP-catalyzed H4K16me1 is important for 53BP1 function in cell survival in response to DNA damage, suggesting GLP or H4K16me1 may be a valuable target for cancer therapy.

DISCUSSION {#SEC4}
==========

Our study shows that GLP-catalyzed H4K16me1 facilitates 53BP1 binding to chromatin in the DDR to promote efficient NHEJ-mediated DNA repair. H4K16me1 is an early induced histone modification in the DDR that has an increased interaction with 53BP1 upon DNA damage. During DNA damage repair by NHEJ, H4K16me1, H4K20me2 and H2AK15ub cooperate precisely to mediate efficient 53BP1 recruitment to damaged chromatin (Figure [7](#F7){ref-type="fig"}).

![GLP-mediated H4K16me1 promotes 53BP1 recruitment in response to DNA damage. Under normal conditions, H4K20me2 is abundant but masked by a few proteins, including L3MBTL1 and KDM4A. When cells suffer from DNA double-strand breaks, GLP quickly accumulates at DNA lesions to catalyze H4K16me1 in an ATM-dependent manner. Upon H4K20me2 unmasking due to RNF8/RNF168-mediated dissociation of L3MBTL1 and KDM4A, or locally increased H4K20me2 under certain circumstances, H4K16me1, H4K20me2 and RNF8/RNF168-induced H2AK15ub cooperate precisely to mediate efficient 53BP1 recruitment to damaged chromatin for NHEJ repair.](gkz897fig7){#F7}

GLP and G9a have different characteristics *in vitro* and *in vivo* {#SEC4-1}
-------------------------------------------------------------------

Previous reports showed that GLP and G9a possess similar substrate specificities ([@B51]). Here, we identified GLP as a methyltransferase for H4K16me1 both *in vitro* and *in vivo*. However, we detected a very weak signal of H4K16me1 after catalyzation by G9a when compared to that by GLP (Figure [2A](#F2){ref-type="fig"}). Evidences already suggest that GLP and G9a have different biological characteristics. For example, G9a preferentially binds H3K9me2, whereas GLP preferentially binds H3K9me1 ([@B54]). In addition, homozygous knock-in mice bearing GLP (not G9a) 3A mutations---such that GLP fails to bind methylated H3K9---are mostly postnatal-lethal and exhibit a severe growth retardation ([@B55]). In humans, microdeletion or mutation in the *EHMT1* gene (coding GLP) is associated with a rare Kleefstra syndrome ([@B56]); of note, the *EHMT2* gene (coding G9a) is not reported to be involved in this syndrome. Although no detailed pathogenic mechanism about Kleefstra syndrome has been reported, it shares several similar phenotypes with some other DNA repair-associated syndromes, such as Seckel syndrome ([@B57]), Fanconi anemia ([@B58]) and Nijimegen breakage syndrome ([@B58]). We thus consider it worthwhile to investigate whether GLP-related NHEJ deficiency is one of the causes of Kleefstra syndrome in the future.

Different characteristics of GLP and G9a in DDR {#SEC4-2}
-----------------------------------------------

Regarding DNA damage repair, it was recently reported that GLP but not G9a has an increased interaction with MDC1 during the DDR ([@B59]); however, G9a but not GLP depletion reduces MDC1 methylation levels ([@B59]). In response to DNA damage, some GLP molecules are considered released from G9a in an ATM-dependent manner and then recruited to damaged chromatin to efficiently methylate H4K16me1. In the *in vitro* methylation study (Figure [2B](#F2){ref-type="fig"}), the addition of G9a into the methylation system might have resulted in competition with H4 to bind un-phosphorylated GLP, thus attenuating GLP activity in catalyzing H4K16me1. Because both GLP and G9a are recruited to DSBs, the dissociated GLP and G9a proteins may form dimers under certain circumstances or during certain repair stages to promote DNA damage repair. Previously, Ginjala *et al.* showed that GLP expression was impaired in G9a-deficient cells: this might be the reason as to why they detected impaired GLP recruitment to micro-irradiated sites after G9a knockdown ([@B60]). It is possible that GLP stability might be altered in certain G9a knockdown cell lines because they usually exist as a dimer in cells. However, in current study, we didn't see changes in GLP protein level in G9a KO HCT116 cells, which is also consistent with a previous report conducted in mouse embryonic fibroblasts ([@B51]). In addition, we found GLP accumulated normally at the micro-irradiated sites in HCT116 G9a KO cells, suggesting a G9a-independent recruitment of GLP to DSBs in DDR.

GLP-catalyzed H4K16me1 promotes 53BP1 recruitment and NHEJ repair {#SEC4-3}
-----------------------------------------------------------------

Previously, the G9a/GLP inhibitor UNC0638 reportedly impairs BRCA1/BARD1 recruitment to inhibit HR repair ([@B47],[@B61]). Others, however, have reported that UNC0638 attenuates NHEJ repair with no marked effect on HR ([@B39]). Their differences in HR repair might be explained by the different experimental procedures used, but regardless, the question as to how GLP/G9a inhibition impacts on NHEJ repair has not been well answered. Here, we observed impaired 53BP1 foci formation in the early DDR and delayed 53BP1 recruitment post micro-irradiation by GLP knockdown, which might be the reason for impaired NHEJ repair. Although it was reported that G9a and GLP influence the RNF8/RNF168-ubiquitnation pathway in the DDR in U2OS cells ([@B59],[@B60]), we did not see obvious changes in RNF8, RNF168 or FK2 foci formation in shGLP HeLa cells. We consider that GLP-regulated 53BP1 recruitment might predominantly derive from the increased interaction between H4K16me1 and 53BP1. It was previously suggested that 53BP1 is not regulated by H3K9me2 ([@B20],[@B25]). In addition, H3K9me2 was also considered to direct the choice between the antagonistic DSB repair mediators BRCA1 and 53BP1 ([@B36]), by promoting BRCA1/BARD1 recruitment for HR repair ([@B47]). Therefore, GLP/G9a-catalyzed H3K9me2 may be more important for HR repair, whereas GLP-catalyzed H4K16me1 may be an important factor for NHEJ by facilitating 53BP1 recruitment.

H4K16me1 cooperates with H4K20me2 in 53BP1 recruitment in DDR {#SEC4-4}
-------------------------------------------------------------

In response to DNA damage, H4K16me1 shows opposing changes to H4K16ac. As methylation competes with acetylation for lysine modification, it is also likely that the increased H4K16me1 levels prohibit H4K16 from being acetylated, thus ensuring 53BP1 binding at DSBs. In contrast to the increase in H4K16me1 levels, H4K20me2 is highly abundant and globally unchanged in response to DSBs ([@B14],[@B62]). Although H4K20me2 at DNA lesions is reportedly elevated by its relative methyltransferases ([@B65],[@B66]), this elevation might be considerably limited due to high H4K20me2 basal levels. For example, Kovarikova *et al.* showed that H4K20me2 is not significantly increased locally at micro-irradiated chromatin ([@B67]). We also observed that most cells showed no obvious H4K20me2 enrichment at the micro-irradiated sites. We do not currently know the structural basis for the H4K16me1--53BP1 interaction; future crystallography-based studies will be performed to decipher this interaction. In a previous mass spectrometry study ([@B42]), only monomethylation of H4K16 was identified. H4K16me1 may be the most abundant methylation state of H4K16 among mono-, di- and trimethylation. Because the existence of both H4K16me1 and H4K20me2 leads to a higher affinity of the 53BP1 tandem Tudor domain to histone H4, and combined treatment with A-196 and Bix-01294 is more effective at inhibiting 53BP1 foci formation in the DDR than either single treatment, we suggest that a combined H4K16me1K20me2 histone mark might be preferential for 53BP1 recruitment. It is also possible that, under certain circumstances, these two modifications can function independently of each other to recruit 53BP1 and that there may be a compensatory effect between these two modifications. As DNA repair networks are precisely regulated both in time and space, different histone modifications can regulate 53BP1 recruitment, retention and dissociation from the damaged chromatin at the appropriate time and place. In this regard, histone methylation and ubiquitination (H4K20me2, H4K16me1, H2AK15ub, *et al.*) may have an opposing function to histone acetylation (H4K16ac, H3K18ac, H2AK15ac *et al.*) to trigger the 53BP1 recruitment-dissociation switch in the DNA repair process. Because ATM is a master phosphokinase in DDR, and any factors influencing its activation ([@B68],[@B69]) or deactivation ([@B70]) can significantly affect DNA damage repair, it will be intriguing to investigate whether other factors influencing ATM activity are associated with GLP recruitment to DSBs in the future.

In conclusion, this is the first study to report the biological function of H4K16me1 and specifically, its role in the DDR. This discovery of a role for GLP-catalyzed H4K16me1 in 53BP1 regulation improves our understanding of the mechanisms underlying NHEJ, and may have potential clinical applications for the design of new cancer treatments in the future.
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